. 29. Relativistic density functional calculations on Au 20 and its anion were performed at the level of a generalized gradient approach using a Perdew-Wang exchange-correlation functional (30). The zero-order regular approximation Hamiltonian was used to account for the scalar (mass velocity and Darwin) and spin-orbit relativistic effects (31 Weston Thatcher Borden 3 *
. Relativistic density functional calculations on Au 20 and its anion were performed at the level of a generalized gradient approach using a Perdew-Wang exchange-correlation functional (30) . The zero-order regular approximation Hamiltonian was used to account for the scalar (mass velocity and Darwin) and spin-orbit relativistic effects (31). The standard Slater-type orbital basis sets with quality of triple-zeta plus p-and f -polarization functions ( TZ2P) were used for the valence orbitals of the Au atoms, with frozen core approximation to the [1s 2 -4f 14 ] core. The vertical detachment energies of the anions were calculated via the self-consistent field energy difference between the neutral and anion ground states and the excitation energies of the neutral state calculated by the time-dependent density functional theory method (32). All the calculations were accomplished with the Amsterdam Density Functional (ADF 2002) program (33). We found that these theoretical methods are suitable for smaller gold clusters, as well as for gold clusters doped with an impurity atom (28 Weston Thatcher Borden 3 *
We observed ring expansion of 1-methylcyclobutylfluorocarbene at 8 kelvin, a reaction that involves carbon tunneling. The measured rate constants were 4.0 ϫ 10 Ϫ6 per second in nitrogen and 4 ϫ 10 Ϫ5 per second in argon. Calculations indicated that at this temperature the reaction proceeds from a single quantum state of the reactant so that the computed rate constant has achieved a temperature-independent limit. According to calculations, the tunneling contribution to the rate is 152 orders of magnitude greater than the contribution from passage over the barrier. We discuss environmental effects of the solidstate inert-gas matrix on the reaction rate.
Quantum mechanical tunneling frequently plays an important role in reactions in which a hydrogen atom (1), proton (2, 3) , or hydride ion (3) is transferred. In most organic reactions, motion of carbon is also part of the reaction coordinate, and kinetic isotope effects are consistent with a contribution from carbon motion in some tunneling reactions (4). However, evidence for tunneling in reactions that are dominated by carbon motion is rare.
One reaction in which there is good experimental and theoretical evidence for carbon tunneling is the automerization of 1,3-cyclobutadiene (5-7). In this reaction, the carbons each need to move only about 0.1 Å, resulting in a thin barrier that favors tunneling (5). This reaction has been observed at 25 K in an argon matrix (6) , and tunneling still occurs, despite the solid-state environment of the reactant (8) .
A few other transformations that involve the making or breaking of C-C bonds have been observed at very low temperatures, where there is unlikely to be thermal energy sufficient to allow molecules to surmount any but the most miniscule barriers to reaction (9) (10) (11) . The finite rates observed in these reactions suggest that carbon tunneling may be involved. However, the interpretation of these experiments is complicated because in each case, the rate-determining step apparently involves intersystem crossing to an electronic state from which the observed reaction is likely to occur without a barrier.
Tunneling by carbon might play a role in 1,2-shifts in singlet carbenes. The distance between the carbene center and the carbon that migrates to it changes by about 1 Å in these exothermic rearrangements. However, tunneling appears to make only minor contributions to the rates of ring expansions of cyclopropylhalocarbenes in liquid solution at 298 K (12) . Nevertheless, rearrangements of cyclobutylhalocarbenes to 1-halocyclopentenes are expected to have lower barriers, because in these reactions there is less hyperconjugative stabilization of the reactants and more relief of ring strain in the products than in the ring expansions of cyclopropylhalocarbenes. Indeed, cyclobutylhalocarbenes are shorter-lived in solution at room temperature than are the corresponding cyclopropylhalocarbenes (13, 14) .
Here, we report an experimental and com-putational study of carbon tunneling in ring expansion reactions of 1-methylcyclobutylhalocarbenes (2) at 8 to 25 K. At such low temperatures, a reactant population can become concentrated in the lowest-energy quantum state, and it should be possible, in principle, to measure the temperatureindependent rate constant for reaction from this single vibrational state (15) (16) (17) (18) (19) (20) . Our calculations indicate that the observed ring expansion of 2 does indeed occur at this single-quantum-state limit. 1-Methylcyclobutylhalocarbenes (2) were chosen for study because halogen substitution stabilizes the lowest singlet state of carbenes, relative to the triplet; and the methyl group circumvents the 1,2-hydrogen migration that occurs in cyclobutylhalocarbenes, lacking a C-1 substituent (13) . Chlorodiazirine 1a (Scheme 1) was synthesized as a precursor of 2a by a standard Graham reaction (21) (22) (23) .
Photolysis of alkylhalodiazirines generally produces carbenes, which can be characterized at low temperatures. However, when 1a was irradiated at 334 nm in an N 2 matrix (ϳ1: 800) at 8 K, no trace of chlorocarbene 2a was observed in the infrared (IR) spectrum. The major product was identified as cyclopentene 3a by comparison of its IR spectrum with that of an authentic sample under the same conditions. A minor amount of the corresponding diazo compound 4a was also observed. It could be converted into additional 3a by photolysis with visible light (Ͼ500 nm), again, without any 2a being detected.
Fluorine is a stronger electron donor than chlorine and thus stabilizes alkyl carbenes more effectively (13) . Hence, we synthesized fluorodiazirine 1b from the corresponding bromo compound, using the halodiazirine exchange reaction (24) . Photolysis at 334 nm of 1b, matrix-isolated in N 2 at 8 K (ϳ1: 800), predominantly produced the corresponding diazo compound 4b, as evidenced by an intense 2027 cm Ϫ1 IR absorption. Subsequent irradiation of 4b with visible light (Ͼ550 nm for 30 min) converted the diazo compound partly into fluorocyclopentene 3b, as shown by comparison of the IR spectrum to that of an authentic sample under the same conditions. However, another product also formed. It exhibited multiple strong bands in the 1050 to 1150 cm Ϫ1 region of the IR and a new, weak, visible absorption with a maximum at a wavelength of 430 nm. The subsequent chemistry, as well as comparison of the observed IR and visible absorptions with those computed for 2b by electronic structure calculations, indicated that the new product was fluorocarbene 2b (23) .
Irradiation at 436 nm of a matrix containing 2b caused the rapid disappearance of the IR bands of the carbene and simultaneous growth of the IR bands of cyclopentene 3b. However, even with strict exclusion of light, carbene 2b also slowly rearranged to cyclopentene 3b at 8 K.
Electronic structure calculations predict two conformations for 2b: one with the fluorine exo to the ring and the other with the fluorine endo (Scheme 2). In agreement with the experimental IR spectra, the IR spectra that were calculated for the two conformers were similar and were dominated by strong absorptions in the 1100 cm Ϫ1 region, attributable to the C-F stretching vibrations.
As expected for the presence of two conformers with dissimilar reactivities, the disappearance of the different IR bands of 2b showed different temperature and time dependencies. Over a 16-hour period in the dark at 8 K, the 1108 and 1325 cm Ϫ1 bands of carbene 2b decayed ϳ20%, while the bands assigned to cyclopentene 3b simultaneously grew. However, the IR absorptions attributed to the other conformer of 2b remained unchanged.
Typically, reactions in low-temperature matrices deviate from first-order kinetics and exhibit rate constants that decrease over time (10) . This phenomenon, which is generally attributed to distributions of matrix sites with slightly different reaction barriers, usually makes it difficult to extract absolute rate constants. However, decay of the 1108 cm Ϫ1 IR band during this 16-hour period approximately followed first-order kinetics, giving a rate constant of 4.0 ϫ 10 Ϫ6 s Ϫ1 for rearrangement of 2b at 8 K in N 2 .
Both exo-and endo-2b were more labile in Ar than in N 2 matrices. In Ar, both conformers underwent ring expansion at 8 K, and the rate constant for disappearance of the 1108 cm Ϫ1 band was 4 ϫ 10 Ϫ5 s Ϫ1 at 8 K and 9 ϫ 10 Ϫ5 s Ϫ1 at 16 K. When the N 2 matrix was warmed to 16 K, the 1108 and 1325 cm Ϫ1 bands disappeared much more rapidly than at 8 K. The absorptions that were attributed to the other conformer of 2b also began to decay, and the disappearance of these bands was accompanied by a corresponding growth of the IR spectrum of 3b. At 16 K, plots of the logarithm of the absorbance versus time were slightly nonlinear (23) , and the rate constants for disappearance of the 1108 cm Ϫ1 IR band decreased from being initially 12 times larger at 16 K than at 8 K to being only twice as great after 90% reaction. The rate constants for disappearance of the 956 and 1083 cm Ϫ1 bands, which are attributed to the slower reacting carbene conformer, decreased from an initial value of 6 ϫ 10 Ϫ6 s Ϫ1 to 1 ϫ 10 Ϫ6 s Ϫ1 after 65% reaction at 16 K. Figure 1 shows the changes that occur in the IR spectrum of 2b after several hours in an N 2 matrix at 25 K. At this temperature, both carbene isomers rearranged approximately 10 times faster than at 16 K.
Our experimental results are consistent with the faster disappearing set of IR bands belonging to the exo conformer of 2b, in which the fluorine is appropriately aligned for ring-expansion to 3b. The slower disap- pearing set of IR bands is assigned to the endo conformer of 2b, which presumably isomerizes to exo-2b before undergoing ring expansion to 3b. The fact that 2b can be observed, whereas 2a cannot be, is attributable to the greater stabilizing effect of fluorine than of chlorine on carbenes (13) .
We found that the rate of rearrangement of 2b in Ar is just a factor of 2 greater at 16 K than at 8 K and that tripling the absolute temperature accelerates the ring-expansion of 2b in N 2 only by a factor of about 100. These findings are inconsistent with a thermally activated process. Instead, our observations indicate that ring expansion of this carbene occurs by carbon-atom tunneling.
To confirm that carbon-atom tunneling provides a viable explanation of our experiments, we calculated the expected tunneling rates in the ring expansions of 2a to 3a and 2b to 3b, using the same computational methodology that we employed in studying 1,2-shifts in other carbenes (12) . The rate constants were calculated by direct dynamics; that is, the potential energy surface and its first and second derivatives with respect to nuclear positions were obtained directly from electronic structure calculations, as they were needed for the dynamics computations (25) . Modified Perdew-Wang hybrid density functional theory, with one parameter optimized for kinetics (26) , was used in conjunction with the 6 -31ϩG(d, p) basis set (27) for the electronic structure calculations. The dynamics were treated by canonical variational transition state (CVT) theory (28) , and tunneling contributions were included by using the small-curvature tunneling (SCT) approximation (29) . The calculations neglected the effects of the solid-state matrix environment on the reaction.
Rearrangement of chlorocarbene 2a to chlorocyclopentene 3a was computed to have a zero-point inclusive energy of reaction of ⌬E 0 ϭ -358 kJ mol Ϫ1 , with a zero-point inclusive barrier height of ⌬E ‡ ϭ 13 kJ mol Ϫ1 . The corresponding ring expansion of fluorocarbene 2b was calculated to be less exoergic (⌬E 0 ϭ -328 kJ mol Ϫ1 ) and to have a barrier (⌬E ‡ ϭ 27 kJ mol Ϫ1 ) that is twice as large as the barrier for the rearrangement of 2a. Both barriers are far too high to be surmounted by thermal activation at 8 to 25 K.
Arrhenius plots of the calculated rate constants for the rearrangement of 2b to 3b (Fig.  2) show that the low-temperature limit of 9.1 ϫ 10 Ϫ6 s Ϫ1 (corresponding to a half-life of 21 hours) is achieved within 10% for temperatures (T) Ͻ 20 K. In agreement with the hypothesis that the rearrangement of 2a to 3a is too fast to allow detection of 2a under our experimental conditions, we calculate a much larger limiting rate constant of 1.4 ϫ 10 4 s Ϫ1 (corresponding to a half-life of 10 Ϫ4 s) for rearrangement of 2a. In this case also, the limiting low-temperature rate constant is achieved within 10% for T Ͻ 20 K. The calculations confirm that the rearrangement of 2 to 3 at 8 K is dominated by tunneling. When tunneling is not included, the rate constants at 8 K are calculated to be smaller by a factor of 2 ϫ 10 52 for 2a and 2 ϫ 10 152 for 2b. Furthermore, unlike the case at the temperatures at which most tunneling reactions have been observed, at 8 K the ring expansion of 2b occurs almost exclusively from the v ϭ 0 vibrational ground state (i.e., without any appreciable thermal activation). The reaction coordinate mode was calculated to have a frequency of 69 cm Ϫ1 ; tunneling from the v ϭ 1 excited vibrational state of this mode contributes only 4 ϫ 10 Ϫ2 % of the rate at 8 K. Figure 3 shows four important structures along the reaction path, specifically, the reactant (2b), the geometries at the beginning and ending termini of the tunneling path from the v ϭ 0 vibrational level, and the product (3b). The changes in three-dimensional positions of the individual atoms at the termini of the tunneling path can be used to calculate the distances moved by each of the atoms during the tunneling event, and these distances provide a more detailed picture than the changes in bond lengths that are shown in Fig. 3 . The longest distance traveled by any of the carbon atoms during the tunneling event is 0.44 Å for the methylene group that makes a new bond to the carbenic carbon in the product. The other carbons move 0.11 to 0.33 Å, the fluorine moves 0.23 Å, and the hydrogens move 0.09 to 0.56 Å.
The tunneling reaction changes character as the temperature increases. At 16 K, the fraction of reaction occurring out of the v ϭ 1 vibrational level increases to 6%, and at 39 K the contributions to the reaction from the v ϭ 0 and v ϭ 1 levels become equal. The transition at this temperature from dominant ground-state tunneling to dominant thermally activated tunneling is associated with the maximum curvature of the calculated Arrhenius plot for 2b in Fig. 2.   Fig. 2 . Arrhenius plot of the logarithm of the rate constant (s Ϫ1 ) for 2b 3 3b, calculated from CVT theory and with inclusion of tunneling using the SCT approximation. This change in the tunneling mechanism is especially evident in the change in the Arrhenius activation energy, defined by E a ϭ -Rdlnk/d(1/T ), where R is the gas constant and k is the rate constant. E a increases from a negligible 0.3 J mol Ϫ1 at 8 K to 0.45, 1.2, and 23.6 kJ mol Ϫ1 at 30, 40, and 150 K, respectively. The vanishing of the activation energy at low temperatures (i.e., in the region of near-zero slope in Fig. 2 ) is a dramatic consequence of tunneling from only the v ϭ 0 vibrational level.
At 216 K, the nontunneling ("over-barrier") component of the rate becomes equal to the tunneling ("through-barrier") contribution, and at 298 K the over-barrier component is 2.7 times larger than the through-barrier contribution. Above room temperature, E a increases only slowly, from 25.5 kJ mol Ϫ1 at 298 K to 26.0 kJ mol Ϫ1 at 400 K. Thus, in this temperature range, the experimental Arrhenius plot for the rearrangement of 2b to 3b should appear to be quite linear, because the small degree of curvature, caused by the temperature dependence of E a , would probably not be detectable. Tunneling still contributes to the rate, but like passage over the barrier, tunneling is a thermally activated process in this temperature regime.
The calculated rate constants at 8 K for rearrangement of 2a (1.4 ϫ 10 4 s Ϫ1 ) and 2b (9.1 ϫ 10 Ϫ6 s Ϫ1 ) are consistent with both the failure to detect chlorocarbene 2a and the observation of rearrangement of fluorocarbene 2b with a half-life on the order of tens of hours at this temperature. Because theory predicts that raising the temperature from 8 to 16 K will produce a negligible change in rate, the observed increases in the rate constant for the rearrangement of 2b to 3b are interpreted as environmental effects on the carbene lifetime. In particular, ring expansion may be inhibited by the rigidity of the matrix, so that matrix softening could be responsible for this temperature dependence. Matrix softening would also explain the need to increase the temperature to 16 K, in order for the less reactive conformer endo-2b to rearrange in N 2 , presumably by first isomerizing, by tunneling, to the more reactive conformer exo2b (30) . The greater reactivity of both conformers in Ar than in N 2 and the smaller temperature dependence of the rate of rearrangement in Ar are consistent with the expectation that Ar should be the softer matrix.
The dominance of tunneling in the rearrangement of 2 to 3 at low temperatures suggests that heavy-atom tunneling may be more facile than is generally recognized. In addition, the direct observation of the rearrangement of 2b to 3b at the low-temperature limit for this reaction suggests new possibilities for understanding, controlling, and tuning chemical reactivity at the single-quantum-state level of resolution.
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s Ϫ1 and is essentially the rate constant for tunneling. This value is about a factor of 10 larger than the rate of disappearance of the less reactive conformer at 8 K, even in an Ar matrix. However, the calculated rate constant is only a factor of 4 larger than the rate constant for disappearance of this isomer at 16 K 
Atomic-Resolution Imaging of Oxygen in Perovskite Ceramics
C. L. Jia, M. Lentzen, K. Urban* Using an imaging mode based on the adjustment of a negative value of the spherical-aberration coefficient of the objective lens of a transmission electron microscope, we successfully imaged all types of atomic columns in the dielectric SrTiO 3 and the superconductor YBa 2 Cu 3 O 7 . In particular, we were able to view the oxygen atoms which, due to their low scattering power, were not previously accessible, and this allowed us to detect local nonstoichiometries or the degree of oxygen-vacancy ordering. This technique offers interesting opportunities for research into oxides, minerals, and ceramics. In particular, this holds for the huge group of perovskite-derived electroceramic materials in which the local oxygen content sensitively controls the electronic properties.
Thin films of Ba-and Sr-based perovskites have great potential for application, in particular as high-permittivity dielectrics in microelectronics or nonvolatile memory devices.
Research on the structure and properties of these materials has shown that variations in chemical composition in the bulk or in connection with lattice defects are detrimental to materials properties and device performance (1, 2) . Above all, it is the local oxygen content which reacts sensitively to cation disorder or lattice strain. The same applies to the cuprate high-temperature superconductors. In their perovskite-derived structure, the oxygen occupancy of certain lattice sites sensitively controls the charge carrier density in the superconducting planes (3, 4) . The microstructure of perovskites can be studied by means of high-resolution transmission electron microscopy (HRTEM). Under suitable conditions it is possible to image the cation columns projected along the viewing direction. Because the cations have a high nuclear charge, their scattering power is high, resulting in strong phase contrast. In comparison, due to the relatively low scattering power, it is difficult to image the oxygen sublat- *To whom correspondence should be addressed. Email: k.urban@fz-juelich.de
